Abstract A series of fluorescent pH probes based on the spirocyclic rhodamine core, aminomethylrhodamines (AMR), was synthesized and the effect of cycloalkane ring size on the acid/base properties of the AMR system was explored. The study involved a series of rhodamine 6G (cAMR6G) and rhodamine B (cAMR) pH probes with cycloalkane ring sizes from C-3 to C-6 on the spiro-cyclic amino group. It is known that the pK a value of cycloalkylamines can be tuned by different ring sizes in accordance with the Baeyer ring strain theory. Smaller ring amines have lower pK a value, i.e., they are less basic, such that the relative order in cycloalkylamine basicity is: cyclohexyl>cyclopentyl>cyclobutyl>cyclopropyl. Herein, it was found that the pK a values of the cAMR and cAMR6G systems can also be predicted by Baeyer ring strain theory. The pK a values for the cAMR6G series were shown to be higher than the cAMR series by a value of approximately 1.
Introduction
The pH values of biological systems are associated with a variety of important processes, such as organelle acidification, posttranslational processing of secretory proteins, cleavage of prohormones, ATP synthesis etc. [1, 2] . Normal physiological conditions exist in neutral to slightly basic pH (7-7.4) range and deviations toward slightly acidic pH (6.8-6 .2) may represent an irregular growth caused by cancer or other diseases [3, 4] . Analytical measurements of pH are routinely carried out using electrochemical measurements. However, these methods are not always ideal and certain situations may require an alternative approach. For example, conventional electrochemical methods are generally not suited for measuring biological pH because of the potential to cause disturbance to the system. Non-invasive techniques, such as fluorescence, serve as an alternative to these more analytically challenging environments.
A large number of publications have reported on various fluorophores that are being used as pH probes, many of which are commercially available [5] . In some recent examples, the rhodamine spiro-cyclic amide scaffold was used in the development of fluorescent probes. This scaffold is non-fluorescent and does not exhibit absorption of visible light in the spirocyclic form; however, upon protonation, the spiro-cyclic ring opens, consequently restoring the absorption and fluorescence properties of the rhodamine fluorophore [6] [7] [8] [9] [10] [11] . Although many probes have been built around this scaffold, the effect of substituents on the amide nitrogen in the ring-opening process (i.e., the pK a ) is still being explored. In two of the most thorough studies of the substituents effect on this system, Feng and co-workers have shown that steric hindrance around the spiro-cyclic ring results in a higher pK a [10] , while Harbron and co-workers have shown that the pKa is seemingly unaffected by the normal electronic effects on basicity, e.g., electron donating or electron withdrawing groups [11] .
Our efforts in this area focus on the effect of substituents on the amino nitrogen in the ring-opening process. Our group and others have developed a structurally analogous scaffold, the aminomethylrhodamines or rhodaminedeoxylactams as fluorescent probes for pH, which have a pK a value that is strongly dependent on the electronic properties affecting the amino group [12] [13] [14] [15] . This approach has allowed us to rationally design rhodamine pH probes where the photophysical response to pH is easily predicted by correlation to the amine's pK a . To expand on this effect and to develop fluorescent probes in the neutral pH region, we decided to utilize a series of cycloalkylamines whose pK a values are affected by Baeyer ring strain. The Baeyer ring strain effect was described by Perrin et al. who demonstrated that the pK a values of cycloalkylamines were dependent on the ring size, such that the pK a value of cyclo -propylamine < butylamine < pentylamine<cyclohexylamine [16] . This observation was explained by the decreased bond angles in smaller rings resulting in an increase in p-character, which can withdraw electron density from the nitrogen lone pair. We explored this effect in the AMR series by synthesizing a series of cycloalkyl-aminomethylrhodamines (cAMR) with various cycloalkane ring sizes and evaluate the pH dependent properties of these systems using ultraviolet visible (UV-vis) and fluorescence spectroscopy. We expected these cAMR derivatives to take on a similar non-fluorescent spiro-cyclic ring structure at high pH and open reversibly under increasingly acidic conditions with the pK a values being determined by the cycloalkylamine ring size. Herein we report our findings on a series of cAMR and cAMR6G derivatives and their pH dependent properties.
Materials and Methods
General chemicals were purchased from Acros organics, Aldrich, and Merck. DMF, acetone, chloroform and ethyl acetate were reagent grade and used without further purification unless otherwise mentioned. Methylene chloride and THF were purified using a M-Braun solvent purification system. Analytical thin layer chromatography (TLC) was conducted on pre-coated TLC plates, alumina (neutral), layer thickness 0.25 mm, manufactured by Sigma-Aldrich. Column chromatography was performed on a Biotage isolera 4 with an ultraviolet detector. 1 H NMR and 13 C NMR spectra were recorded on a Mercury 400 MHz instrument using deuterated chloroform (CDCl 3 ). Chemical shifts are reported in delta (δ) parts per million (ppm). Splitting patterns are abbreviated as follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad.
Mass spectra (MS) were measured on a Quattro II quadrupole-hexapole-quadrupole (QHQ) mass spectrometer. Absorbance data were obtained using a Cary 100 (Varian) UV-vis spectrometer. Fluorescence spectra were recorded on a Fluorolog 3 (Horiba JobinYvon).
The following procedure was used for the spectroscopic analysis of the cAMR pH probes. In a 200 mL beaker, 50 mL of either a 2.5 μM (fluorescence) or a 5 μM (UVvis) solution of the corresponding sensor in 0.10 M sodium phosphate buffer and 0.5 % DMSO was stirred in open air for approximately 0.5 h allowing the solution to become saturated with oxygen. cAMR6G solutions were similarly prepared, with the exception that a 2.5 μM concentration was used for both fluorescence and UV-vis. Using a digital pH meter (Accumet AB15) equipped with a glass electrode (Accumet, pH/ATC calomel) the pH was monitored and adjusted to acidic or basic conditions using small aliquots of conc. HCl or a 4.0 M NaOH solution, respectively. The pH was allowed to stabilize for~1 min and then 3 mL of the solution was added to a quartz cuvette for analysis.
Compound 1 was synthesized according to a previously reported procedure [12] . A general procedure for preparing cPr-AMR, cBu-AMR, cPnt-AMR and cHex-AMR was used (Scheme 1). To a solution of Rhodamine B intermediate 1 (300 mg, 0.57 mmol) in dichloromethane (20 mL) was added the corresponding amine (1 mL). The reaction was stirred at room temperature overnight. Evaporation of the solvent offered the crude product. Purification of the product can be carried out using hexanes:EtOAc (90:10) on a Biotage amine cartridge. A general procedure for preparing the rhodamine 6G amides 2, 3, 4, and 5 was used (Scheme 2). In a 25 mL RBF, 750 mg (1.56 mmol) of rhodamine 6G was dissolved in 10 mL of DMF. To this solution, 1 mL of the corresponding amine was added and the solution was stirred until the color faded from a dark purple to a light pink. The product was precipitated by transferring the DMF solution into a beaker containing 50 mL of ice water. The product was filtered and washed with copious amounts of cold water. After air drying for several hours, the product was recrystallized using hexanes:chloroform mixed solvent. A general procedure for cPr-AMR6G, cBu-AMR6G, cPent-AMR6G and cHex-AMR6G was used (Scheme 2). In a 50 mL round bottom flask, 100 mg of the rhodamine amide was dissolved in 30 mL of dry THF. To this solution, 150 mg of LiAlH 4 was slowly added and the mixture was refluxed for 18-48 h. After refluxing, the reaction was quenched by slowly adding 0.5 mL of water, followed by 1 mL of 15 % NaOH. The mixture was filtered and the filtrate dried using MgSO 4 . The THF was removed under reduced pressure and the crude was dissolved in DCM and transferred to a separatory funnel. The product was extracted from the organic layer using 10 % HCl. The acid layer was washed using DCM (3×20 mL), then made basic using 3.0 M NaOH. The product was isolated by extraction using DCM (3×20 mL) and the combined organic layers were washed with brine (2×20 mL) then dried over MgSO 4 
Results and Discussions
Both rhodamine B and rhodamine 6G AMR derivatives were investigated in this study. Rhodamine B analogues were synthesized by reacting a previously reported rhodamine intermediate (compound 1), containing a methylbromide at the 2′ position, with the corresponding cycloalkylamine providing the respective cycloalkyl-AMR compounds: cyclopropyl (cPr-AMR), cyclobutyl (cBu-AMR), cyclopentyl (cPntAMR), and cyclohexyl (cHex-AMR) (Scheme 1).
Rhodamine 6G derivatives were synthesized by direct formation of an amide with the corresponding cycloalkylamine and subsequent reduction using LAH to form the following cycloalkylamines: cyclopropyl (cPr-AMR6G), cyclobutyl (cBu-AMR6G), cyclopentyl (cPnt-AMR6G), and cyclohexyl (cHex-AMR6G) (Scheme 2). Each molecule was characterized by 1 H, 13 C NMR and mass spectrometry. In the 13 C NMR spectrum, a characteristic quaternary carboñ 60 ppm corresponding to the C-N bond was used to verify the spiro-cyclic structure of the AMR series. Upon characterization, each molecule's pH dependent photophysical properties were investigated by UV-vis and fluorescence.
Titrations were carried out on either a 5 μM or 2.5 μM solution of cAMR derivative in phosphate buffer solution for UV-vis and fluorescence respectively. Small aliquots of acid (HCl) or base (NaOH) were added to change the pH of the solution. Both cAMR and cAMR6G derivatives are colorless and non-fluorescent under basic conditions, which is indicative of the spiro-cyclic form of rhodamines. Under neutral or slightly acidic conditions, the characteristic rhodamine color is observed from either rhodamine B (pink) or rhodamine 6G (yellow/green) and the solution becomes highly fluorescent. The mechanism of the ring-opening process involves initial protonation on the nitrogen and subsequent opening of (Fig. 1) . This is consistent with previous AMR derivatives [12] but differs from the AnMR series where two separate events were observed in the fluorescence and UV-vis absorption measurements upon decreasing the pH of the solution [14] . An equilibrium constant between the spiro-cyclic form and the open-form can be approximated at half-max of the pH dependent absorbance curve, which we will conveniently refer to as the pK a of the individual cAMR derivative. From the pH titrations curves, a clear trend based on the size of the cycloalkylamine ring is observed, which is consistent with Perrin's et al. studies on the effect of the Baeyer ring strain on cycloalkylamines [16] . Specifically, the pK a of both cAMR and cAMR6G derivatives have the following trend: cPr<cBu<cPnt<cHex, which correlates with the theory that the smaller rings deviate more from the tetrahedral angle of 109°causing a more strained molecule. The decreased bond angle of the cycloalkane group increases the p-character of the bonds, resulting in electron density being pulled from the nitrogen. In other words, the increase in ring strain of the cycloalkyl group on the amine causes it to be less basic. Similarly to what was observed by Feng and co-workers in the rhodamine spiro-cyclic amide series [10] , the cAMR6G series was found to have a higher pK a than the cAMR series when comparing analogous cycloalkane derivatives. Interestingly, the difference in the pK a values is approximately one pH unit between the cAMR6G series and the cAMR analogs. A plausible explanation is that the two methyl groups on the rhodamine core in the cAMR6G series create a sterically crowded environment making the molecule less thermodynamically stable. This steric effect may cause the pK a values of the series to be higher. While analyzing the photophysical properties of this system, no apparent trend in the quantum yield or molar absorptivity was observed within each series. However, the quantum yields of the cAMR6G series were higher than the cAMR series, which was expected based on the known lower quantum yield associated with rhodamine B (Table 1) .
Conclusions
In conclusion, we have reported a series of fluorescent pH sensors, which can be tuned to pH ranges of biological interest by introducing various sized cycloalkane rings to the amino group of the AMR scaffold. These fluorescent pH probes were easily synthesized from their rhodamine B and rhodamine 6G parent molecules. The order of cAMR basicity was found to be dependent on the ring size with the following order: cPr< Table 1 Spectroscopic and pK a data of the cAMR and cAMR6G series. Quantum yields were measured relative to rhodamine B or rhodamine 6G in ethanol cBu<cPnt<cHex. Overall, the cAMR6G derivatives were found to have higher pK a s than their AMR analogs, which is attributed to a more sterically hindered spiro-cyclic structure. Thus, the pH dependent properties of the AMR system can be tuned through a combination of electronic and steric effects. Both series possess good photophysical properties and could be applicable to biological systems; however, it is worth noting the exceptional quantum yield of the cAMR6G series and the pH ranges in which they are responsive making them even more ideal for a variety of biological systems.
